Abstract A possible source of gas phase bromine in the Arctic winter and early spring is the sea-salt aerosol. In this paper, chemical mechanisms for the release of photochemically active bromine from sea-salt are examined. The first of these is oxidation of bromide to elemental bromine by peroxymonosulfuric acid (Caro's acid) produced by the free radical chain oxidation of S(IV). The chain reaction could be initiated in the dark by NO2 or, following polar sunrise, by the reaction of ozone with superoxide. Although the yield of Caro's acid at 298 K is small, the yield may increase at the low temperatures encountered in the Arctic. This could result in the conversion of a large fraction of the initial sea-salt alkalinity to Caro's acid. Caro's acid is known to oxidize bromide to Br2. Since this mechanism requires low temperatures and high SO: concentrations, it is only effective during the winter and early spring and should not oxidize significant amounts of halides in the global marine boundary layer. A second possible mechanism is the free radical oxidation of aqueous bromide to bromine by OH and HO:. This may be effective at moderate pH and may contribute to Br cycling on a global scale. The evaluation of both mechanisms is highly uncertain because of incomplete physical-chemical data. In addition to these primary release mechanisms, there are possible autocatalytic cycles for the release of bromine from sea-salt. These involve the gas phase production of either BrO or HOBr and the return of these species to the sea-salt particles where they initiate additional oxidation of bromide. The efficiency of these cycles should depend critically on the relative amounts of HOBr and HBr produced by the gas phase chemistry. These mechanisms do not appear to be effective as sources of photochemically active C1.
Introduction
A dramatic loss of surface layer ozone has been observed shortly after polar sunrise in the Arctic [Bottenheim et al ., 1990 ]. This loss is associated with a large increase in the amount of filterable Br present in the atmosphere. Barrie et al. [1988] have proposed that the ozone loss is caused by a catalytic cycle involving Br atoms. There is also evidence for halogen atom oxidation of hydrocarbons during polar sunrise [Jobson et al., 1994 ]. It appears that the filterable Br is inorganic but is not HBr; this implies that it is in a photochemically active form, such as HOBr or Br: [Li et al., 1994] .
Computational studies [Barrie et al., 1988; McConnell et al., 1992; Fan and Jacob, 1992] have shown that the observed filterable Br can produce significant ozone loss if it is in a photochemically active form. Reactions with hydrocarbons eventually convert the active Br into inactive HBr; the HBr returns to the particle phase. As a result, these models require a means of recycling HBr into an active form; a variety of proposals have been made as to how this is accomplished. The models assume an initially high concentration of active gas phase Br.
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The initial source of the filterable Br has not yet been identified. The air masses do contain particulate Na; this is presumably from sea-salt. However, the Br/Na ratios reported by Bottenheim et al. [1990] are ,typically about a factor of 5 larger than in sea-salt. The Na size distributions imply that the sea-salt aerosol is well aged and that much of the original sea-salt has been lost. This is reasonable since this aerosol must have been transported a substantial distance from open ocean areas. If sea-salt is the original source of the Br, then the lifetime of Br in the air mass must be much longer than that of sea-salt. This implies that the Br is efficiently recycled, perhaps by the mechanism of Fan and Jacob [1992] . Here I propose a mechanism by which the bromine is released from seasalt particles shortly after their formation.
The basic features of this mechanism are the following: (1) Gas phase free radicals are efficiently trapped in seasalt aerosol particles. (5) and (6) may also help to reactivate Br after it is converted to HBr by gas phase photochemistry. Most of the individual processes have been previously recognized as being important in cloud water chemistry [Jacob, 1986; McElroy, 1986 ; Charneides and Stelson, 1992] or as a means of recycling Br in the Arctic [Fan and Jacob, 1992] . However, the potential for these processes to provide an initial source of active Br has not been recognized.
Release of Halogens from Sea-Salt Particles as a Result of Sulfur Oxidation
I assume here that the initial release of Br is from liquid sea-salt aerosol particles. It is reasonable to assume that these particles are liquid rather than crystalline even though the typical temperatures of the Arctic spring (230 to 250 K) are below the eutectic point for NaC1 solutions (252 K). Small droplets have a pronounced tendency to both supercool and become supersaturated. Also, although the absolute humidity of Arctic air is low, the relative humidity, which determines if salt particles will deliquesce, is high. Since the particles are formed as liquid drops, they may well remain liquid throughout their residence time in the atmosphere.
The chemical reactions occurring in sea-salt particles are very different from those occurring in sulfate aerosol particles. For the purpose of the estimates to be made here, I-assume that the sea-salt particles have the same composition as the "low relative humidity" case (80% RH) of Charneides and Stelson [1992] . This gives an ionic strength of 4.6 M, lNa +] = 3.6 M, [Br] = 4.7x10 -3 M, and an initial alkalinity of 0.013 M. For the present rough calculations, all activity coefficients are set equal to unity. This should not produce excessive errors for neutral and singly charged species. The only doubly charged ion that affects the chemistry considered here is SO32'; the effect of ionic strength on S(IV) equilibria can be accounted for by using the equilibrium constants measured by Millero et al. [1989] in concentrated NaC1 solutions. Although the use of activities would result in more accurate concentrations, the results of rate calculations would not necessarily be improved.
The gas solubilities used here are given in Table 1, equilibrium constants for rapid liquid phase equilibria are given in Table 2 , and liquid phase rate constants are in The upper limit'to the number of free radical chains initiated by reaction (Rll) is given by the flux of HO2 to the drop. Since sea-salt particle radii are much larger than mean free paths in air, the flux is determined primarily by gas phase diffusion [Schwartz, 1986] . Let • be the rate of transport of HO2 per unit liquid phase volume. Then if the partial pressure of HO2 is PHo2 and the particle radius is a, • is given by [Schwartz, 1986] The ratio of the yield of Caro's acid to sulfate produced by reaction ( The OH radical has an extremely short lifetime in seasalt solutions because it reacts rapidly with halide ions. Reactions (R32) and (R34) are much slower for chlorine than for bromine, as a result the autocatalytic cycle should be much more efficient for CI. Also, in the marine troposphere there is much more HO2 than in the Arctic. This favors the production of HOCI and therefore shifts the cycle toward the autocatalytic mode. In the global marine atmosphere , where the primary reactions discussed here are not very efficient, these cycles may be critical to the formation of significant active CI concentrations. Evidence that significant active CI is produced in the marine boundary layer has been given by Keene et al. [1934, 1939] . These were combined with the above activation energies to obtain the values listed in Table 3 for reactions (R5) through (RS). The resulting small temperature dependence for reaction (R5) is consistent with the approximate results obtained byHanson and Ravishankara [1991] in H,SO4 solutions at 263 K.
This proceeds via HOX-radicals (equilibria E20 and E21).
The temperature dependence of reaction (R14) was estimated by assuming that the reverse reaction is diffusion limited (1.3x10 •ø M s 4 at 298 K), and by estimating the temperature dependence for the equilibrium constant (3.2x104 M at 298 K) as described above. This gives AS=21.6R, greater than for reaction (E6) by the difference in the electronic entropies of OH and Br. Reaction (R13a) is an O atom transfer and might have an activation energy similar to the activation energy of 44 kJ mol 4 for reaction (R1); this assumption was used in Table 3 . However, one might also argue that the A factor for this reaction should be similar to reactions (R2) and (R3). This assumption leads to an activation energy of only' 5.0 kJ mol 4 for (R13a) and would cause this channel to be increasingly favored over (R13b) as the temperature drops. Reaction (R4)was assumed to have the same A factor as reactions (R2) and (R3). Reaction (R24) must proceed via a cyclic transition state. Since it is quite fast, it is likely that the A factor is not too different from the rate constant, so that the temperature dependence is small.
Appendix B: Characteristic Time for Diffusion From a Drop
The literature contains a variety of expressions for the characteristic time for liquid phase diffusion. There is no single, compelling way to define this for the reaction of a species entering a drop because the rate is never entirely controlled by liquid phase diffusion. However, if a species is produced uniformly throughout a drop at rate S and escapes to the gas phase, there is a well defined liquid phase lifetime. 
If we integrate over the volume of the drop to obtain the average concentration and divide by the production term, S, we obtain for the average lifetime 2 a 15D•
